Abstract-The interest in Smart Antennas for aerospace applications is growing. This paper describes smart antennas which can be used on aircraft. Two aerospace applications are discussed in more detail: a phased array antenna with optical beam forming and a large vibrating phased array antenna with electronic compensation techniques.
I. INTRODUCTION
The adjective Smart is applied in many domains, often to make a product or system more attractive. Many definitions exist for Smart Systems in general or for Smart Antennas in particular. One of the characteristics of a Smart System is that it operates more or less independently, and is able to adapt to the environment. This definition also applies to Smart Antennas. Smart Antennas adapt to their electromagnetic environment in order to maximise the signal-to-noise-plusinterference-ratio. Increasing this ratio can be done by adapting the reception pattern of the antenna such that the antenna gain increases in the direction of the desired signal. This ratio can also be increased by adapting the reception pattern of the antenna in a way that the interference signals are suppressed. Some antenna systems combine both methods. Military aircraft often use a Controlled Reception Pattern Antenna (CRPA) to mitigate (intentional) interference in reception of satellite navigation signals. The first versions of these CRPAs applied null steering: a null in the reception pattern was steered toward the interference source. Theoretically a CRPA with n antenna elements is able to null n-1 interference sources. More advanced versions of these CRPAs apply Space Time Adaptive Processing (STAP) in order to steer (multiple) beams towards the satellite and (multiple) nulls towards the interference sources. This paper describes our research into Smart Antennas used in Aerospace Applications. Two specific applications of Smart Antennas in Aerospace Applications will be addressed. The first example is a phased array antenna with optical beamforming to be used for airborne satellite communication. During flight, this antenna system (without moving parts) continuously steers its beam towards the geostationary satellite to be received. One could say that the antenna adapts itself to the electromagnetic environment.
The second example is related to adaptation of an antenna to its mechanical environment. If large phased array antennas are subject to deformation and vibration, the mutual position of the antenna elements will change and the reception pattern will change accordingly. Electronic compensation techniques are proposed to mitigate the distortion.
The far-field radiation pattern of a general antenna array in the direction of the unit vector û can be written in the form:
where n r is the position vector and A n the complex excitation amplitude of the n th element, k 0 is the wave number and g n (û) is the directivity of the n th element in the direction of the unit vector û. In this paper the unit vector û is defined by unit polar coordinates, ˆ(sin cos ,sin sin , cos ). u θ ϕ θ ϕ θ = The modulus of A n (related to the amplitude) is used for tapering and the argument of A n (related to the phase of the amplitude) for beam steering.
II. AIRBORNE SATCOM ANTENNA WITH OPTICAL

BEAMFORMING
The communication needs onboard aircraft are increasing. In the cockpit reliable long distance communication is needed with the air traffic authorities. The cabin and cockpit crew want to exchange operational information with the staff on the ground. And last but not least, the passengers want to have the same multimedia and communication provisions as at home where they have live (satellite) TV reception and broadband internet access. In order to accommodate these needs a broadband satellite link is needed, especially during long distance (intercontinental) flights. Antenna systems operating in L-band are already available but a satcom antenna for Kuband would provide a higher bandwidth. Therefore a Ku-band broadband phased array antenna is being developed.
The downlink frequency bands for aeronautical mobile satellite services (AMSS) in Ku-band and the frequencies of the broadcast satellite service are: The total Ku-band antenna system consists of an antenna front-end and an optical beam forming network (OBFN). The output of the antenna systems is connected to a DVB-S receiver in case of reception of satellite television. A beam forming network with optical tuneable True Time Delays (TTD) is used instead of RF Phase Shifters to guarantee broadband reception (2 GHz bandwidth). The antenna elements used are stacked patch antennas which are able to receive satellite signals between 10.7 GHz and 12.75 GHz.
A. The Antenna Front-end
The antenna front-end consists of the antenna elements and the low-noise amplification and down-conversion chips.
1) The antenna elements: The antenna elements are stacked patch antennas. The two patches have slightly different dimensions and therefore also slightly different resonance frequencies. The combination of the two patches in one antenna element provides an antenna element that is impedance matched between 10.7 and 12.7 GHz. About 1600 antenna elements are needed in the total antenna system. The antenna elements are organized in 25 tiles of 8 by 8 antenna elements.
2) The low-noise amplifier (LNA) and down-converter:
The output of each antenna element is fed to a low-noise amplifier because the signal received by only one antenna element is very weak. Before the amplified signal is fed to the optical beamforming network, it is down-converted.
3) Sub-arrays with RF phase shifting or true time delays:
In order to reduce the number of channels in the optical beamforming network. The output of each sub-array (2x2) is combined and fed to a single optical single, reducing the number of optical channels by four. Before the signals of the antenna elements are combined RF TTD of phase shifters are used.
B. The Optical Beamforming Network (OBFN)
Optical Ring Resonators (ORR) are used as True Time Delay (TTD) elements. The peak value of the delay is inversely proportional to the bandwidth. This imposes a tradeoff between the highest delay and the maximum bandwidth that can be obtained. To overcome this, several ORRs can be cascaded, where the total group delay response is the sum of the individual ring responses. This is illustrated in Fig. 1 .
The details of the OBFN design can be found in [2] . A delay as high as 1.2 ns (for a comparison, 1 ns is approximately 30 cm of propagation distance in vacuum) over a bandwidth of 2.5 GHz has been demonstrated with a cascade of 7 ORRs, in an 8 x 1 optical beamformer [3] . 
C. Demonstrator antenna and OBFN
A breadboard multilayer antenna has been developed that consists of a tile of 8x8 Ku-band stacked patches and a feed network with 8 combiners, where each combiner coherently sums 8 antenna elements. A prototype 8x1 OBFN has been attached to the connectors of the breadboard antenna. The beam is electronically steered by means of the 8x1 OBFN. The beam forming capabilities of antenna and OBFN have been verified for several channels in Ku-band. Fig. 2 . displays the C/N ratio for 10.7 GHz for the case that the phased array antenna is illuminated broadside, once rotated 27 degrees to the right side, and another time 27 degrees rotated to the left side, without any time delays in the beam steering. It is clearly observed that the C/N ratio decreases by about 16 dB. Obviously, beam steering is required to point the main beam into the direction of the transmitting Ku-band horn antenna. The required delay settings are based on the rotation of the antenna arrays. In the OBFN system the time delays are adjusted by tuning Mach Zehnder Interferometers by means of a heater control board. Once the time delays have been adjusted for oblique illumination, then the main beam of the phased array antenna points once again in the direction of the transmitting antenna, and the C/N ratio remains constant when the antenna is rotated, as can be observed from Fig. 3. Hence, Fig. 2. and Fig. 3 . show clearly the properties of the beam steering capabilities of the OBFN system.
Carrier-to-noise ratio
III. THE VIBRATING ANTENNA
The second example of a Smart Antenna for Aerospace Applications concerns a large phased array antenna on a deformable part of the aircraft. Since the number of antennas on aircraft increase, empty surfaces like the wings of an (unmanned) aircraft are interesting locations for large antennas. If a phased array antenna is installed on a wing of an aircraft the antenna surface will be subject to vibrations and deformations due to aerodynamic loads. A model for the deformation of the antenna surface has been presented in [4] . As a result of the deformation the mutual positions and orientations of the antenna elements change which causes additional phase shift in the output signals. In this section, a generic array antenna on a vibrating plate is considered as a typical test case. The array antenna has eight embedded patch elements in receive mode. It will be shown that the effects of deformation of an array antenna can be suppressed by means of adaptive synthetic beam forming. To this end the phase differences between the antenna elements on the deformed and undistorted structure are determined instantaneously. This requires the measurement of out-of-plane variations by appropriate sensors, or the electronic measurement of phase changes.
A. Effects of Vibration
The effects of the vibrating structure on the radiation pattern of the array antenna are shown in Fig. 4 . The undisturbed array antenna is located in the plane z=0. Neither tapering nor beam steering is applied. The patches are modelled by isotropic radiators; hence g n (û) =1 in equation (1) The total electric field is computed for φ=0 and 30 , 15 , 0
The variation of the amplitude of the copolar component of the total electric field is displayed in Fig.   4 . 
B. Compensation Techniques for Vibrating Arrays
From the previous section it can be concluded that changes in phase (due to out-of-plane deformations and vibrations) have to be compensated. The phase difference between a patch antenna on the deformed plate and the unperturbed plate at 0 z = can be approximated by The synthetic phase correction in approximation (3) assumes that the displacement z can be instantaneously assessed, which is not a straightforward task. An alternative technology involves measuring the phase differences with respect to the undisturbed steady state of the plate. This can be performed by measuring the phase difference between the phase of a specific element (patch j) and the phase of a reference element.
This type of phase correction has been applied to the array antenna on the vibrating plate. The patch antenna close to the fixture (in the centre of the plate) has been taken as reference element. The phase difference between patch j and the reference patch is assessed by using an Integrated Circuit that detects the RF/IF gain and phase in relation to a reference signal. Fig. 8 displays the sum pattern of the received signal of the phased array antenna on the vibrating plate, without and with synthetic phase corrections. The signal of the phased array antenna without phase corrections is obtained by a simple addition of the signals of the separate elements, the excitations A j are equal to one in equation (1) . I.e., neither tapering nor beam steering was applied. Inspection of Fig. 8 reveals variations in amplitude of 6 dB during a measurement time period of two cycles of oscillation. In the case of adaptive synthetic beam forming the excitations of the antenna elements are adapted in real time to the deformation of the plate (using the measured relative phase differences between patch j and the reference patch). The excitations A j are adapted with respect to this measured phase difference. When this type of phase compensation is applied the variations in amplitude significantly reduce to approximately 1 dB, as can be observed from Fig. 8 . 
